| INTRODUCTION
The clinical clustering of obesity and insulin dysregulation, termed equine metabolic syndrome (EMS), is linked to the development of laminitis in horses and ponies. [1] [2] [3] The prevalence of obesity has reached alarming rates within domestic equine populations in recent times. [4] [5] [6] A lack of effective treatments for laminitis suggests that preventative countermeasures need to be instituted for animals with EMS before the onset of disease. 7 Current recommendations for the management of animals with EMS are directed at weight loss and alleviating insulin dysregulation. 8 Dietary modification is the cornerstone of an effective management program, with caloric restriction essential to achieve weight loss and control of nonstructural carbohydrate (NSC) intake is key to mitigating hyperinsulinemia. 9 Abbreviations: AIRg, acute insulin response to glucose; BCS, body condition score; BW, body weight; CNS, cresty neck score; DI, disposition index; DIET, dietary restriction study group; DIET+EX, dietary restriction plus low-intensity exercise study group; DM, dry matter; EMS, equine metabolic syndrome; FSIGT, insulin-modified frequently sampled IV glucose tolerance test; NSC, nonstructural carbohydrates; SAA, serum amyloid A; SI, insulin sensitivity; TBFM, total body fat mass.
Weight loss and improved glucose tolerance or tissue insulin sensitivity (SI) for animals with EMS has been demonstrated using various protocols of dietary restriction, with or without prescriptive exercise. [10] [11] [12] [13] [14] [15] [16] [17] The addition of exercise is recommended for horses and ponies that presently are not lame. 1, 17, 18 However, previous work in equids has yielded conflicting results regarding the benefit of exercise, which could stem from differences in research methodology (eg, diet, exercise regimen, and method of SI assessment) and the characteristics of horses studied (eg, breed, level of adiposity, and degree of insulin dysregulation). [19] [20] [21] [22] [23] [24] [25] Exercise without dietary modification might be insufficient to improve SI in equids despite inducing weight loss, 21, 24 although exercise could provide other health benefits, including decreased biomarkers of systemic inflammation such as serum amyloid A (SAA) concentration. 23 Controlled studies that separate the effects of dietary restriction and exercise have been recommended to further appraise the benefits of exercise for animals with EMS. 17 Our study aimed to evaluate the addition of a practical low-intensity exercise regimen to a program of dietary restriction in a group of obese horses and ponies. Assessed outcome variables included measures of adiposity, indices of SI, and plasma concentrations of adipokines and biomarkers of systemic inflammation. The null hypothesis was that regular low-intensity exercise in combination with dietary restriction would not provide additional health benefits over dietary restriction alone.
| MATERIALS AND METHODS

| Animals and study design
Twenty-four equids were studied, including 8 Standardbred horses (9 AE 2 years; 530 AE 30 kg; 5 geldings, 3 mares), 8 mixed-breed ponies (9 AE 3 years; 350 AE 60 kg; 5 geldings, 3 mares), and 8 AndalusianCross horses (8 AE 2 years; 550 AE 70 kg; 3 geldings, 5 mares). All animals were in obese body condition as defined by body condition score (BCS) ≥ 7/9 at the study outset and had been so for between 4 and 8 weeks before the start of the study. Twenty-two animals were enrolled previously in a study of diet-induced weight gain; 26 2 others
(1 Standardbred and 1 pony) from the study of diet-induced weight gain were replaced for reasons unrelated to the study protocol. The 2 replacement animals had been kept in an adjacent dry lot paddock for the previous 6 months with similar daily husbandry procedures. All animals had remained sedentary (no prescriptive exercise) for at least the previous 12 months. An a priori estimate of study power indicated that 10 animals per group were appropriate to detect a 1-unit change in SI with a power of 80% (alpha = 0.05, 2-tailed). walking. This protocol was developed after seeking feedback from horse owners regarding practicality (data not shown) and was similar to previously described programs of low-intensity exercise for equids. 15, 16 It was determined that dietary restriction would be terminated for any animals that reached BCS ≤ 5/9, with the amount of hay increased to meet maintenance digestible energy requirements until the end of the study period.
| Assessment of adiposity
Adiposity was assessed before and after dietary restriction occurred.
Body weight was measured using calibrated scales (Horse Weigh, Penybont, United Kingdom). Body condition score and cresty neck score (CNS) were assessed by an experienced observer using the modified Henneke (1-9) scale and Carter (0-5) scale, respectively.
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Total body fat mass (TBFM) was determined by a heavy isotope dilution method as previously described. 31 Briefly, animals were weighed and a baseline blood sample was collected immediately before 0.12 g/kg BW deuterium oxide was administered IV through a temporary jugular catheter. Syringes were weighed (AE0.01 g) to accurately determine the actual dose delivered. After a 4-hour equilibration period, a second blood sample was drawn from the contralateral jugular vein. Plasma deuterium oxide concentrations in both samples were measured with gas isotope ratio mass spectroscopy (Iso-Analytical, Crewe, United Kingdom), with calculations to derive TBFM performed as previously described. 31 
| Assessment of SI
Insulin-modified frequently sampled IV glucose tolerance tests (FSIGT)
were performed in all animals over 5 days, before the start of the acclimation period and after the period of dietary restriction. A standard FSIGT procedure for equids was followed as previously described. 32 and placed on ice until centrifugation (1000g at 4 C for 10 minutes), with separated plasma stored at −80 C until analysis. 3 | RESULTS
| Blood collection and plasma measurements
| Animals
No signs of ill health or lameness were observed in any of the animals studied. No feed refusals were noted at any time, and all animals assigned to the DIET+EX group participated in every session of prescriptive exercise throughout the study.
| Adiposity
Body weight decreased by 6.2 AE 4.3% for the DIET group and 7.7 AE 2.1% for the DIET+EX group (P = .30). Significant decreases in BCS, CNS, and TBFM occurred relative to starting values for both groups (Table 1 ; all P < .001). A main effect of breed was present for CNS, with Standardbreds having lower scores relative to ponies and Andalusians at both time points (P = .003). A significant 3-way interaction was detected for TBFM (P = .04), with ponies exhibiting lower TBFM within the DIET+EX group when compared to ponies in the DIET group after weight loss (P = .01). 
| Insulin sensitivity
Results of the FSIGT are shown in Table 2 and Figure 1 . A significant 2-way interaction between time and intervention group was detected for SI (P = .009). Values for SI were similar between intervention groups before weight loss (P = .34), but animals in the DIET+EX group had higher values than those in the DIET group after weight loss occurred (P = .01). A main effect of breed was present for both SI and AIRg, with Standardbreds having higher SI values and lower AIRg values relative to ponies and Andalusians at both time points (P = .001 and .009, respectively). A significant 2-way interaction between time and intervention group was detected for DI (P = .005).
Values for DI were similar between intervention groups before weight loss (P = .60) but were higher in the DIET+EX group after weight loss compared to the DIET group (P < .001).
| Plasma analytes
Results of plasma analyses are shown in Table 3 . A significant effect of time was detected for several plasma analytes, with both intervention groups having lower basal insulin and leptin concentrations (both P < .001), and higher adiponectin concentrations (P < .001), after weight loss. A significant 2-way interaction between time and intervention group was detected for SAA (P = .04). Intervention groups were similar before weight loss (P = .42), but SAA concentrations were lower in the DIET+EX group after weight loss compared to the DIET group (P = .01). The weight loss program in our study was designed to reflect current dietary recommendations for the management of animals with EMS. The restriction of forage to achieve weight loss while avoiding the potentially negative health consequences of negative energy balance, such as hyperlipemia, is suggested at 1.0%-1.5% BW. 1, 9, 17 In addition to the restriction of DM intake, NSC content is a key consideration to minimize postprandial hyperinsulinemia, with existing recommendations suggesting an upper limit of 10% NSC content. 1, 9 Consistent with several previous studies of weight loss in equids, we chose to restrict forage to 1.25% BW (DM basis) using a mixed grass hay containing 9.1% NSC. 13, 14, 17 A steady rate of weight loss similar to those of previous studies was observed without any untoward health consequences being appreciated. Feeding 4 times each day (and using slow feeders) aimed to ensure that although animals were without feed for 6 hours during daily turnout, periods without feed were no longer than would have been the case for previously described weight loss protocols. [11] [12] [13] 16 Plasma adiponectin concentrations were higher in both DIET and DIET+EX groups after weight loss compared to starting concentrations. Adiponectin is an adipokine secreted by mature adipocytes that has insulin sensitizing and anti-inflammatory properties. 39 Hypoadiponectinemia has been associated with insulin resistance in humans with metabolic syndrome, 40 and also has been identified in equids with insulin resistance and a history of laminitis. 16, 26, 36, 41 Importantly, low plasma adiponectin concentration has been identified as a risk factor for future episodes of laminitis in ponies. 42 Strategies that can ameliorate hypoadiponectinemia are therefore desirable in the management of animals with EMS to decrease the likelihood of laminitis.
| DISCUSSION
A previous study failed to detect changes in adiponectin in ponies after short-term low-intensity exercise without dietary modification. 23 Our study supports the observation that a decrease in body fat, regardless of whether exercise was undertaken or not, might be important to improve plasma adiponectin concentration in equids. 16 Serum amyloid A concentrations were decreased in the DIET+EX group, but unchanged in the DIET group, after weight loss occurred.
This finding is supportive of a beneficial effect of exercise in decreasing this biomarker of systemic inflammation, as previously demonstrated in ponies subjected to short-term low-intensity exercise without dietary modification. 23 26, 47, 48 The present study affirmed these observations during a period of weight loss, with the same effect of breed observed for SI and AIRg values. There were no statistical interactions involving breed for FSIGT results or plasma measurements, and importantly, there were no differences in BCS or TBFM detected among breed groups, meaning that the observed breed differences in SI and AIRg were independent of relative adiposity.
Further evaluation of the weight loss program described here is warranted to determine whether our findings are broadly applicable.
The animals enrolled had been obese for only a short period of time after a prior study of diet-induced weight gain, and exhibited a range of starting SI values. Whether the weight loss protocol described would have yielded different results using animals with chronic obesity or more severe insulin dysregulation is not known. We did not control for free activity during the period of daily turnout and did not quantify free activity during these times. However, the aim was to evaluate the effect of additional prescriptive low-intensity exercise as part of a practical weight loss program, and a period of daily turnout was considered important to the welfare of the animals studied.
Dietary modification to decrease caloric intake and minimize postprandial hyperinsulinemia remains the cornerstone of management for obese animals with EMS. In our study, weight loss was associated with decreases in basal insulin and leptin concentrations, and increases in adiponectin concentration, regardless of exercise status.
The inclusion of regular low-intensity exercise resulted in improvements in SI and decreases in SAA. Although animals in our study were not selected with the prerequisite of severe insulin dysregulation, our findings were consistent across several breeds and a wide range of insulin sensitivities, supporting recommendations that exercise should be included, whenever possible, as part of a holistic management program for animals with obesity or EMS.
